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ABSTRACT
The impact of vegetation cover on the active-layer thermal regime was examined in an alpine meadow located in the
permafrost region of Qinghai-Tibet over a three-year period. A high vegetation cover (93%) delayed thawing and
freezing at a given depth relative to sites with lower covers (65%, 30% and 5%). Low vegetation covers exhibited
greater annual variability in soil temperatures, and may be more sensitive to changes in air temperature. Low
vegetation covers are also linked to higher thermal diffusivity and thermal conductivity in the soils. The maintenance
of a high vegetation cover on alpine meadows reduces the impact of heat cycling on the permafrost, may minimise
the impact of climate change and helps preserve the microenvironment of the soil. Copyright # 2010 John Wiley &
Sons, Ltd.
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INTRODUCTION
Global climate change has significantly impacted natural
ecosystems in many regions of the world. Tundra ecosystems
are arguably among the most sensitive to climate change
owing to their sensitivity to increasingly warming permafrost
environments (Walker et al., 2003; Christensen et al., 2004).
In addition to its physical support of the ecosystem,
permafrost has major effects on soil temperature and
moisture, subsurface hydrology, rooting zones and micro-
topography (Jorgenson et al., 2001; McGuire et al., 2002).
Thus, permafrost degradation under climate warming may
affect processes such as surface water and energy fluxes, as
well as plant development in tundra regions (Jayawickreme
et al., 2008). Soil temperatures in the active layer are key for
understanding the consequences of these changes. However,
the dynamic interactions between vegetation and active-layer
soil temperatures remain largely unresolved because it
is difficult to quantify the variation in soil texture and
hydrological flux under different vegetation types and
structures (Bakalin and Vetrova, 2008; Jayawickreme
et al., 2008). Resolving the gap in the relationship between
vegetation and the thermal state is also pivotal to improve the
fidelity of GCMs and simulations of freeze-thaw processes in
permafrost regions (Yi et al., 2006; Nicolsky et al., 2007).
Yi et al. (2006) found that the occurrence of vegetation
and the extensive presence of a peat and organic layer will
significantly modulate the regional impact of climate
warming on permafrost thaw in circumpolar areas. In the
Uksichan River valley, Bakalin and Vetrova (2008) pointed
out that the permafrost table (the active-layer depth)
increased from 20–40 cm beneath a sphagnum-dominated
vegetation layer to more than 60 cm beneath a dwarf shrub-
lichen ground layer. However, few studies have documented
the influence of vegetation cover on the ground thermal
state in areas of alpine grassland, which are widespread in
the permafrost regions of the Qinghai-Tibet Plateau and
the Eurasian cryospheric region (Zhang et al., 2005; Wang
et al., 2007). The current research uses results obtained
at an alpine meadow site located in the northeastern
Qinghai-Tibet Plateau to assess the complex relationship
between meadow vegetation cover and the active-layer
thermal state.
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DATA AND METHODS
Site and Field Observations
The study was conducted in the watershed of the
Zuomaokong River, a tributary of the Tongtian River (the
upper Yangtze River) in the northeastern Qinghai-Tibet
Plateau (928500–93830E, 348400–348480N) (Figure 1). The
total area of the watershed is 128 km2 with elevations
ranging from 4510 to 5320m a.s.l. Kobresia pygmaea C. B.
Clarke and Kobresia humilis Serg are the dominant
vegetation in the basin. The soil type is predominantly
Mattic Cryic Cambisols (National Soil Survey Office
(NSSO), 1998) according to Chinese taxonomy, or
Cambisols according to FAO/UNESCO taxonomy. Between
2005 and 2007, the daily mean, hourly maximum and hourly
minimum air temperatures were 5.28C, 24.78C and
45.28C, respectively. Precipitation during this period
ranged between 250 and 290 mmyr1, and the average
relative humidity was 53–59 per cent.
Two locations for soil water–temperature observations (A
and B in Figure 1) were selected in the watershed. Location
A represented grasslands of alpine meadows, and location B
represented alpine frost swamp grassland. At location A, we
outlined four 20 5m (slope lengthwidth) sampling plots
with slopes of 18–218, and vegetation covers of 5, 30, 65 and
93 per cent. At each plot, two adjacent 1.6-m deep boreholes
were constructed and soil moisture and temperature sensors
were installed in them at depths of 0.05, 0.20, 0.40, 0.70,
1.20 and 1.60m. Volumetric soil moisture (u) was
determined by frequency-domain reflectometer (FDR)
reflectometry using a calibrated soil moisture sensor
equipped with a theta probe (Holland Eijkelkamp Co.,
Giesbeek, The Netherlands). Soil moisture was derived from
the changes in the soil dielectric constant. The accuracy of
the measurement technique was 2 per cent. Soil saturated
hydraulic conductivity (Ksat) was determined in each
sampling plot using a Guelph-2800K1 infiltrator (Soil
Moisture Equipment Corp., Santa Barbara, USA). Soil
temperatures (Ts) were monitored using thermistors devel-
oped by the State Key Laboratory of Frozen Soil
Engineering (Lanzhou, China), and calibrated by digital
multimeters (Fluke 180 series, Fluke Co., Utah, USA) with
an overall system precision of 0.028C. The accuracy of
this type of temperature sensor was validated after it
had been in use in the Qinghai-Tibet Plateau for more than
20 years (Wu and Liu, 2004). Soil moisture and temperature
were monitored simultaneously at two-hour intervals from
April to November and at six-hour intervals from December
to March. Two portable micro-meteorological stations
(HOBO Weather Station, ONSET Co., Massachusetts,
USA) were established in the experimental fields to measure
air temperature (Tair) at 1.2m in height, precipitation, wind
velocity and direction, and total radiation.
Analytical Methods
Four periods were selected to compare the variations in soil
temperature under different vegetation covers. The freezing
period included the onset of freezing from 15–20 October,
and the fully frozen period at a depth of 0–1.2m extended
from 5–10 December; the thawing period included the onset
of thawing in the first ten days of May and the fully thawed
period (at depths of 0–1.2m) covered the first ten days of
July.
Figure 1 Location of the study area. Observations presented in this paper were made at site A.
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Soil thermal parameters and soil thermal dynamic
characteristics were used to investigate the effect of different
amounts of vegetation cover on the ground thermal regime.
The soil thermal parameters include thermal diffusivity a,
thermal conductivity k and the thawing-time lag, which is the
elapsed time between the date of thaw of the surface layer and
that of the target soil layer. The soil thermal dynamic
characteristics include: (1) the date of thaw (tr), representing
the date that soil temperatures exceed 0.58C; (2) the early thaw
temperature amplitude (DTr), representing the difference
between soil temperatures at the start of thaw and the peak
temperature over the following 20 days; (3) the start of freeze
(tf), representing the date that the soil begins to freeze; and (4)
the early freezing temperature amplitude (DTf), representing
the difference between soil temperatures at the start of freezing
and the minimum temperature over the following 20 days. The
DTr and DTf were calculated using:
DTr or DTf¼DT20  Ts0 (1)
where DT20 is the maximum temperature within 20 days
after thawing or freezing, and Ts0 is the initial soil
temperature.
The thermal diffusivity a in active soil layers of different








where T is the soil temperature, t is the observation time and
Z refers to the depth of the relevant soil layer; a can be
approximated using finite difference techniques (Nelson
et al., 1985 and Sun, 2005):
a ¼ ½ðDZÞ2
.




Thermal conductivity k was obtained from the following
equation using the field observation data (Peters-Lidard
et al., 1998; Lars et al., 2001):
k ¼ keðksat  kdryÞ þ kdry (4)
where ke is a normalised thermal conductivity (known as the
Kersten number), and Kdry and Ksat are dry thermal
conductivity and saturated thermal conductivities, which
were calculated from (Sun, 2005):
kdry ¼ 0:135gd þ 64:7
2700 0:947gd
; ksat ¼ k1ns knxui kxuw (5)
where gd is the dry soil density, and ks, ki and kw are the
solid, ice and water thermal conductivities, respectively. The
thermal conductivity was calculated with Equations (4) and
(5) using dry soil densities obtained by testing.
The surface energy balance equation can be expressed as
follows (Mayocchi and Bristowa, 1995):
Rn  Gs  LE  H ¼ 0 (6)
Net radiation Rn (Wm2) was measured with net
radiometers, whereas the sensible heat flux (H, Wm2)
and the latent heat flux (LE, W m2) were calculated using
the SHAW (Simultaneous Heat and Water) model due to a
lack of observations (NWRC, 2004; Flerchinger, 2000). The
soil surface heat flux Gs, a measure of the energy that enters
(or leaves) the soil, was then calculated using Equation (6).
RESULTS
Land Surface Thermal Regime and Its Variation
with the Degree of Vegetation Cover
Surface Energy Balance under Different Vegetation
Covers.
Vegetation cover variation had a significant influence on
the energy flux regime as calculated by the SHAW model.
As the vegetation cover increased, H and Gs decreased
(Figure 2a and c). The annual and winter season average H
values under 30 per cent cover exceeded those under 93 per
cent cover by 16 per cent and 19 per cent, respectively.
Under 30 per cent cover, the Gs that travelled to deep soil
from the surface during the warm season between June and
September was 23 per cent and 41 per cent more than
beneath the 65 per cent and 93 per cent covers, respectively.
In the winter season between October and February,
however, the Gs moving upwards through the soil towards
the air exceeded those of the 65 per cent and 93 per cent
covers by 17 per cent and 38 per cent, respectively
(Figure 2c). This implies that the lower the vegetation cover,
the more likely it is that energy will be consumed by an
increase in soil temperature, and therefore soil surface heat
fluxes are greater.
During the period with frozen soils, the LE was very low
with a mean value of 6.9Wm2, 12.7Wm2 and
16.2Wm2 for 30 per cent, 65 per cent and 93 per cent
covers, respectively (Figure 2b). Most available energy was
converted to H, with a mean of 18.5Wm2, 16.2Wm2 and
13.9Wm2 for 30 per cent, 65 per cent and 93 per cent
covers, respectively. In the period of soil thaw, LE rapidly
increased due to increases in precipitation and vegetation
cover, and gradually became the dominant component
during June and July. However, H increased after September
as LE and Gs rapidly decreased. During the summer (from
June to August), the mean LE values were 35.9Wm2,
50.9Wm2 and 68.3Wm2, 1.4 times, 2.1 times and 3.1
times the mean H values for 30 per cent, 65 per cent and 93
per cent covers, respectively (Figure 2b).
The Effects of Snow on the Surface Thermal Regime.
Winter precipitation was less than 25mm at the site
(October–April), while evaporation exceeded 30mm. The
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snow cover was irregular, thin and discontinuous over the
ground surface, even in the middle of winter (Sato, 2001;
Zhou et al., 2000). Remotely sensed data were used to
analyse the snow depth and cover area for the Yangtze River
source region, where the study watershed is located, for a
ten-year period. On average, the snow depth was less than
2 cm, and the snow-covered area was less than 20 per cent.
The greatest thickness of snow occurred in the middle of
winter from February to March and the snow accumulation
time was short, less than 40 days. Little precipitation and
strong winds in winter were the main factors affecting the
snow distribution (Sato, 2001; Wang et al., 2007).
Figure 3 shows the variations in air temperature, surface
soil temperature under different vegetation covers and
precipitation during middle and late winter (from January to
March). During the observation period, the precipitation
(snow) in middle and late winter varied from only 7mm in
2006 to 14mm in 2007, and the monthly average air
temperature in middle and late winter varied from -9.18C in
2007 to -13.28C in 2006. Air temperature and precipitation
are inversely related during the period. Under the 93 per cent
and 30 per cent vegetation covers, surface soil temperatures
followed the interannual variation in air temperatures (i.e.
they were high in 2006 and low in 2007) (Figure 3). Thus, it
is inferred that the thin snow covers in the study region have
little influence on soil temperature.
Relationship of Vegetation Covers to Active-Layer
Thermal Properties
Soil Temperature Dynamics under Different Vegetation
Covers.
In the freezing period, the greater the vegetation cover, the
later the onset of change in soil temperature and the slower
the decline associated with soil freezing at a given depth
(Figure 4a). For example, under 5 per cent vegetation cover,
the topsoil (20 cm in depth) reached 08C before 15 October,
which was two, five and nine days earlier than soil under 30
per cent, 65 per cent and 93 per cent vegetation covers,
respectively. A higher vegetation cover generally yielded a
higher soil temperature at the same depth and for the same
time prior to the active layer becoming completely frozen
(20 November). The same pattern developed during thawing
(Figure 4b) with the high vegetation cover delaying the onset
of change in soil temperature and exhibiting a reduced soil
temperature increase at a given depth. For the topsoil layer
(20 cm) with 93 per cent vegetation cover, the time required
for the soil temperature to rise above 08C was delayed by 20
to 25 days compared to those under 30 per cent and 5 per
cent vegetation covers. In addition, the higher vegetation
cover resulted in a lower soil temperature for a given depth.
Variation in Soil Temperature Profiles under Different
Vegetation Covers.
May and November were selected to represent thawing
and freezing periods in order to examine the average soil
temperature profiles under different vegetation covers
(Figure 5a and b). In May, for the soil profile from 20 cm
to 160 cm in depth, the larger the vegetation cover, the lower
the average soil temperature. The higher soil temperature in
May can be related to a projected greater active-layer
thickness (Figure 5c). In November, the greater the
vegetation cover, the slower the cooling (Figure 5b).
The pattern of soil temperature profile distribution varied
from summer to summer (Figure 5d). Over 2005 to 2008,
soil temperatures at every depth were highest in 2006, and
lowest in 2007 under all vegetation covers, corresponding to
the relative air temperatures of these summers. Average air
temperatures during June–July were 3.98C, 4.48C, 2.78C and
4.28C for 2005, 2006, 2007 and 2008, respectively.
Figure 5d shows that the differences between temperatures
in active-layer soil profiles were strongly related to air
temperature. The difference between the highest and lowest
average temperatures for a given depth from 2005 to 2008
reached 1.68C under 30 per cent vegetation cover, whereas it
was only 0.68C under 93 per cent vegetation cover. It
appears that the lower the vegetation cover, the greater the
potential interannual variation, implying that a high
vegetation cover may help moderate the regional impact
of climate warming on permafrost thaw.
Figure 2 Modelled variations of daily sums of (a, upper) sensible heat flux
(H), (b, middle) latent heat flux (LE) and (c, lower) soil heat flux (Gs) under
different vegetation covers, calculated using the SHAW model with Rn
measured in 2007.
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The Responses of Active-Layer Soil Thermal
Parameters to Vegetation Cover
Onset of Freezing and Thawing under Different Vegeta-
tion Covers.
The onset of thaw of the 20-cm layer under 93 per cent
vegetation cover was delayed by five days and 19 days on
average compared to that under 65 per cent and 30 per cent
vegetation covers, respectively (Table 1). At the 70-cm layer,
however, the lags were three days and 33 days, respectively.
The onset of freezing varied in the same way but with
smaller differences (Table 1).
The early thaw temperature amplitude, DTr in the topsoil
layer (20 cm) under 30 per cent vegetation cover was 1.58C
and 3.08C greater than DTr under 65 per cent and 93 per cent
vegetation covers, respectively. In deeper layers, the
Figure 3 Interannual patterns of soil temperatures and climate variables during middle and late winter: (a, upper left) soil temperatures at 5-cm depth under 93
per cent cover; (b, upper right) soil temperatures at 5-cm depth under 30 per cent cover; (c, lower left) air temperature; and (d, lower right) precipitation.
Figure 4 Soil temperatures at 20-cm depth during thawing and freezing periods under different vegetation covers for 2007.
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differences in DTr between the 30 per cent and 93 per cent
vegetation covers were much smaller (e.g. only 0.28C and
0.58C, respectively at 40-cm depth) (Table 1). In contrast, no
significant difference was observed in the early freezing
temperature amplitude (DTf) at the 20-cm depth under
different vegetation covers. However, DTf values at all the
measured depths were about 38C (Table 1).
The interannual variation of DTr and DTf in relation to
air temperature is shown in Figure 6. The early
thaw temperature amplitude, DTr,, under 30 per cent
vegetation cover exhibited a considerable absolute
interannual variation with a difference between the
warmest and coldest years of more than 28C whereas
the difference was less than 18C under 93 per cent
vegetation cover. The interannual variation of DTf was
small, with a range less than 0.68C. Both DTr and DTf
related to air temperature, with the former increasing at
higher air temperatures, and the latter increasing at lower
temperatures. The lower the vegetation cover, the greater
the interannual change in DTr but there was little
difference in interannual response in DTf between
different vegetation covers.
Figure 5 Soil temperature profiles under different vegetation covers during: (a) the thawing period inMay 2006; (b) the freezing period in November 2006; (c)
the completely thawed period in August 2006; and (d) for different years in June–July.
Table 1 Soil thermal dynamic indices under different vegetation covers (average for three years from 2005 to 2007).
Depth cm Vegetation cover 30% Vegetation cover 65% Vegetation cover 93%
tr DTr tf DTf tr DTr tf DTf tr DTr tf DTf
20 135 3.8 281 3.0 149 2.2 287 2.8 154 0.8 296 2.9
40 141 0.9 291 3.4 160 0.7 298 2.9 173 0.7 301 3.0
70 151 1.2 298 3.6 181 0.9 302 2.3 184 0.7 308 2.7
Indices are defined in the text. Note: The time is the day of the year.
Copyright # 2010 John Wiley & Sons, Ltd. Permafrost and Periglac. Process., 21: 335–344 (2010)
340 W. Genxu et al.
Variation in Soil Thermal Parameters under Different
Vegetation Covers.
Table 2 shows thawing-time lag and the annual average
soil volumetric heat capacity (Cv). At all depths, the lower
the vegetation cover, the shorter the thawing-time lag, and
consequently the difference in thawing-time lags between
the 93 per cent and 30 per cent vegetation covers increased
with depth. In the soil layers above 40 cm deep, the heat
capacity was larger than in layers deeper than 70 cm under
all vegetation covers. The heat capacity was especially great
for the layer 40 cm in depth under 93 per cent vegetation
cover.
Apparent thermal diffusivity and thermal conductivity
were calculated for the plant growth period from the middle
of May to early November (Figure 7). The thermal
diffusivity and conductivity were lower for the topsoil
layer of 20 cm (Figure 7a and b) than for layers deeper than
40 cm (Figure 7c and d) under different vegetation covers.
The apparent thermal diffusivity varied greatly with time
under different vegetation covers in the layer 20 cm deep
(Figure 7a), but the lower the vegetation cover, the greater
the apparent thermal diffusivity within the thawing and fully
thawed periods. However, the vegetation cover seemed to be
linked to higher apparent thermal diffusivities during soil
freezing periods. There was no significant difference in
thermal conductivity between the 93 per cent and 65 per cent
vegetation covers in different layers in the fully thawed
periods but that for the 30 per cent vegetation cover was
considerably higher (Figure 7b).
DISCUSSION
The topsoil layer (<40 cm) in the highly vegetation-covered
area had dense grass roots that resulted in a higher soil
organic content (SOM) (Wang et al., 2008) than in the other
areas, and had more clay and higher average moisture
content (Table 3). This thick surface organic layer reduces
soil temperature variation in the deeper parts of the active
layer and presumably in the permafrost (Fukui et al., 2008).
Permafrost preservation by the surface organic layer has
been reported for the boreal forest of northern Canada and
interior Alaska (e.g. Yoshikawa et al., 2003; Shur and
Jorgenson, 2007) due to the generally low thermal
conductivity of the organic, fine-grained soils and the
surface litter layer in summer, but higher conductivity when
frozen in winter (Fukui et al., 2008; Shur and Jorgenson,
2007; Williams and Burn, 1996). The results presented here
indicate that alpine grassland with high vegetation cover,
large amounts of organic matter and fine-grained soils has a
similar effect on preserving permafrost on the Qinghai-Tibet
Plateau. Under greater vegetation cover, the topsoil (10–
30 cm) has a higher soil-saturated hydraulic conductivity
which causes significantly more infiltration from rainfall
(Wang et al., 2008). Evapotranspiration does not increase
Figure 6 Variation of early thaw temperature amplitude (DTr) and early freezing temperature amplitude (DTf) from 2005 to 2007 under 93 per cent and 30 per
cent vegetation covers at a depth of 20 cm. AT is the average air temperature in May and June.
Table 2 Soil thawing-time lag and the average soil volumetric heat capacity (Cv) under different vegetation covers.
Depth (cm) Thawing-time lag for different depths
under different vegetation cover (day)
Cv for different depths under
different vegetation cover
(x 106 J.m3.8C)
93% 65% 30% 5% 93% 65% 30%
20 22.0 20.0 12.0 2.0 2.16 2.14 2.06
40 29.0 28.0 13.0 4.0 2.46 2.06 2.17
70 30.0 28.0 13.0 4.0 1.77 1.80 1.95
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proportionally with vegetation cover (Zhang et al., 2003,
2005) so it can be concluded that the greater the grassland
vegetation cover, the larger the soil moisture content in the
topsoil layer (Table 3). In turn, this affects the soil thermal
conductivity, heat capacity and latent heat.
The interactions between soil moisture and thermal
dynamics are strongly enhanced by the role of permafrost
in cold regions (Yi et al., 2009). During thawing and freezing
periods, the thermal conditions are the main driving factor of
soil moisture dynamics. In turn, soil water has great effects on
soil thermal dynamics. Shur and Jorgenson (2007) found that
vegetation cover has an important function in inhibiting or
driving permafrost changes by varying the water-thermal
coupling cycle processes. The variation of the active soil
water and temperature coupling relationship can be used to
illustrate the effects of vegetation cover on soil thermal
regimes. Using the daily mean soil moisture and temperature
measured during the thawing period in 2007, the active soil
water-thermal coupling relationship during the thawing
period under different vegetation covers is shown in Figure 8.
Figure 7 Temporal variation in (a, upper left and c, lower left) apparent thermal diffusivity ( 103 cm2min1) and (b, upper right and d, lower right) thermal
conductivity for soil layers at 20-cm and 40-cm depths under different vegetation covers from May to October in 2006.















30% 0.2 1.26 5 5 0.7 20
0.4 1.34 10 11 1.0 22
0.7 1.51 11 18 1.1 18
1.2 1.45 8 16 0.8 22
65% 0.2 1.10 7 1 1.3 22
0.4 1.21 10 3 0.8 19
0.7 1.35 12 7 0.8 13
1.2 1.47 10 15 0.8 11
93% 0.2 0.95 7 2 1.1 22
0.4 1.09 14 2 1.6 27
0.7 1.29 15 12 1.4 15
1.2 1.45 9 16 0.8 20
a Only the clay and sand are shown in the table for comparative purposes.
b Average soil moisture during the growing season (from April to October) 2005–07.
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The relationship patterns between soil temperature and
soil moisture were distinct under different vegetation covers
and the difference between the vegetation covers is
significant (ANOVA, p< 0.01, Figure 8). When Ts 
1.08C during active-layer soil thawing periods, soil
temperature has a strong linear relationship with soil
moisture, then for a given gradient in soil temperature, the
greater the vegetation cover, the larger the change in soil
moisture. When 08C  Ts  2.08C, the lower the vegetation
covers, the faster soil moisture reached its maximum
volume. When Ts> 2.08C, however, there were no
significant relationships between soil moisture and soil
temperature under different vegetation covers. Nonetheless,
these u–Ts relationships showed a strong positive correlation
(R> 0.886, p< 0.001) during both the freezing and thawing
periods under the 08C  Ts  2.08C condition (Figure 8, the
same pattern was observed in the freezing period). There-
fore, the differences in vegetation cover resulted in
differences in heat transmission and the soil water–heat
relationship, which in turn caused significant differences in
soil water distribution under different levels of vegetation
cover (Shur and Jorgenson, 2007; Wang et al., 2008). The
changes in vegetation cover altered the surface energy
balance and land surface thermal properties (heat capacity
and conductivity) by causing changes in surface soil
properties (organic matter, fine-grained soil composition,
hydraulic conductivity, etc.), which was the main factor
driving variation of the active-layer soil thermal state and
soil water profile distribution.
CONCLUSION
Our measurements over three years show that grass cover
significantly affects the active-layer temperature regime on
the Qinghai-Tibet Plateau. High vegetation covers delay
thawing and freezing processes and dampen out interannual
soil temperature variations caused by air temperature
variations. This suggests that high vegetation cover may
help maintain permafrost in alpine meadow areas as the
climate warms.
Thermal conductivities and apparent thermal diffusivities
are generally higher in soils under low vegetation cover than
those under high vegetation cover. Therefore, the depth of
thaw under low vegetation cover is greater than under high
vegetation cover, as has been observed in other permafrost
environments. The influence of vegetation cover on the
active-layer soil thermal regime and distribution pattern can
be partially attributed to variation in the SOM and the fine-
grained soil texture under the vegetation cover. The
maintenance of a high vegetation cover on alpine meadows
reduces heat transfer to the permafrost, and may also
minimise the impact of climate change.
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